Effect of temperature on growth, egg development and age at first parturition of five cladoceran species (Daphnia longispina, Moina micrura, Diaphanosoma brachyurum, Bosmina longirostris and Bosmina fatalis) were investigated in the laboratory.
1. Introduction WINBERG (1971) reviewed the methods to estimate the production of zooplankton. These methods require in principle the data on the duration of egg, juvenile and adult stages at different temperatures. It is difficult to determine these parameters from field observations for natural populations of cladocerans which recruit continuously. Therefore, it is vital to determine growth rate, egg development time and age at first parturition at various temperatures under laboratory conditions for production estimation.
The effect of temperature on the egg development time of various cladocerans in the laboratory has been reported by many authors (HALL, 1964; BOTTRELL, 1975; KERFOOT, 1975; KWIK and CARTER, 19/5; MUNRO and WHITE, 1975; ALLAN, 1977; VIIVERBERG, 1980) . However, there are very few studies on Moina micrura and Bosmina f atalis. The present report includes these two species, and Daphnia longispina, Diaph.anosom brachyurum and Bosmina ion girostris.
The distribution or the seasonal succession of cladoceran species can be explained by the difference or change of water temperature in many cases (TAPPA, 1965; ALLAN, 1977) . In the present study, temperature adaptation of caldocerans was inferred from laboratory data in relation to the distribution or the seasonal succession of species.
Materials and Methods
B. longirostris and Daphnia longispina were obtained from Lake Yunoko, which is a eutrophic alpine lake situated in Nikko National Park. In summer, the former species was abundant in the epilimnion, where the maximum water temperature reached about 20°C and the latter was found in the hypolimnion, where the water temperature was about 12°C (HANAZATO, YA-SU No and HosoMI, 1984) . M. micrura, Diaphanosoma brachyurum and B. f atalis were collected from eutrophic Lake Kasumigaura. They appeared in summer, when the mean water temperature was about 25°C and the maximum became above 30°C (HANAZATO and YASUNO, 1985) .
All of the species had been reared with the alga, Chlorella sp., in the laboratory for more than two months. Chlorella sp. used here was cultured in log-phase-growth with MC medium (medium for Chlorella ellipsoidea; WATANABE, 1960) at 23°C under continuous fluorescent illumination of 40001ux. Algal cells rinsed with dechlorinated tap water by centrifugation were provided for the cladocerans.
Experiments were conducted at 15°C, 20°C, 25°C and 30°C under a 16-8 LD photocycle.
Additional experiments at 10°C and 12°C were conducted for Daphnia longispina. Daphnia longispina, M. micrura and Diaphanosoma brachyurum were reared individually in a 50 ml beaker, while B. longirostris and B. f atalis were reared individually in a test tube (20 ml). The vials were kept at temperatures of ±0.5°C in a water bath controlled with a thermostat. The culture medium for the animals was prepared with dechlorinated tap water suspending Ghlorella at a concentration of 1 x 106 cells ml-'. This algal density was above the "incipient limiting level" of food for cladocerans studied here (unpublished data). The culture medium for the animals was changed for a fresh one every other day.
Before the experiments, animals were reared for several days under the respective experimental conditions and young born within 24 hr from them were used for the experiments. At each temperature, ten to twelve young of Daphnia ion gispina, M. micrura and Diaphanosoma brachyurum were reared respectively. The growth of these young was followed daily by measuring the total body length (top of the head to posterior of carapace) under a binocular microscope with a micrometer eyepiece to the nearest 0.025 mm. For these three species, the mature size, which is the body length when a female bears eggs first in her brood chamber, was determined. Since B. ion girostris and B. f atalis were intolerant of handling for measurement of body length, individuals of these species were discarded after measurement. Thus, 64 to 91 replicates were prepared for each temperature for these species, and 3-16 individuals of each species were discarded everyday.
Any newborns from each animal were recorded and removed daily. Accordingly, the duration of egg development in days was determined as the time from the release of one brood to the next. The age in days at first parturition was taken as the first release of brood.
To relate the duration of egg development and age at first parturition to temperature, the following regression equation of BoTTRELL (1975) was used,
where D is the duration of egg development or age at first parturition in days and T is temperature (°C).
Results
Growth M. micrura and Diaphanosoma brachyurum could reproduce well even at a high temperature (30°C), but Daphnia longispina and B. longirostris could not survive at this temperature. B. f atalis also could not survive at 30°C, although this species was abundant in summer in Lake Kasumigaura, when the water temperature reached 30°C. Growth curves of five cladoceran species in the mean body length at different temperatures are shown in Fig. 1 .
Daphnia longispina was about 0.6 mm in body length when it was born and grew to about 1.9 mm after 25 days at 15, 20 and 25°C. There are no significant differences in the body length at these temperatures. However, it took about 40 and over 60 days to reach the maximum body length at 12 and 10°C, respectively. on growth, egg development and age at first parturition of five cladoceran species
The body length of M. micrura newborns was about 0.45 mm. The maximum body length was about 1.2 mm after 15 days at 20°C. The growth at 25 and 30°C could not be followed after the ninth day, because they had all died. The body length of the animals by the eighth day at 20, 25 and 30°C did not differ significantly. M. micrura showed a similar growth rate between 20°C and 30°C, while that at 15°C was apparently lower.
The newborn of Diaphanosoma brachyurum was about 0.4 mm in body length, and the maximum was about 0.95 mm, which did not differ between the temperatures. The growth curves at 20, 25 and 30°C were nearly the same, but the slope of the curve at 15°C was flatter. The temperature-growth relationship was similar to that of M. micrura, yet there was a difference in the survival rate between the two species at higher temperatures, at which the rates of Diaphanosoma brachyurum were higher than those of M. micrura.
The body lengths of B. longirostris and B.
f atalis newborns were about 0.21 mm and 0.25 mm, and eventually reached about 0.50 mm and 0.55 mm in maximum, respectively. The growth curves at 15 to 25°C were approximately equal. This result was similar to that of Daphnia longispina.
In general, mature size is negatively correlated with water temperature. In the present study, Daphnia longispina matured at a relatively smaller size at 20°C and 25°C, M. micrura did so at 30°C, and Diaphanosoma brachyurum at 25°C and 30°C (Table 1) .
Duration of egg developmemnt
Duration of egg development of cladocerans at different temperatures is shown in Table 2 and Fig. 2 . The duration became shorter with rising temperature.
The relationship between the duration and temperature can be described by a logarithmic equation (Table 3) . The curves are shown in Fig. 2 . At 30°C, the eggs of M, micrura and Diaphanosoma brachyurum developed fast and became young after 24 hours. The differences in the duration of egg development among the five cladocerans were smaller at a higher temperature (20-25°C), but larger at a lower temperature (15°C). The duration Age at first parturition With the rise in temperature, the age at first parturition of the cladocerans was younger (Table 4 and Fig, 3 ). At higher temperatures (25°C and 30°C), M. micrura had first parturition at a younger age than in the other species. At a lower temperature (15°C), however, B. longirostris reached the age earlier than the others. B. f atalis was almost the same as B. longirostris as for the age at first parturition as well as the duration of egg development. Diaphanosoma brachyurum, on the other hand, gave the first parturition at 2-5 days older age than M. micrura between 15°C and 30°C, although the egg development time of the former species was similar to that of the latter species at these temperatures. The relationships between the age and temperature for the five species were fitted to a logarithmic equation (Table 5) . The curves are shown in Fig. 3 , Temperature on growth, egg development and age at first parturition of five cladoceran species 4. Discussion Egg development time of Daphnia longispina in the present study agreed with the data by ELSTER and SCHWOERBEL (1970) and MUNRo and WHITE (1975) , and was similar to Daphnia galeata mendotae (HALL, 1964) , Daphnia ambigua (ALLAN, 1977) and Daphnia hyalina (VIJVERBERG, 1980) . The duration of egg development for M. micrura in the present investigation at 30°C was the same as the result by MURUGAN (1975) , but shorter than LEWIS' data (1979) at 25°C. The egg development time for Diaphanosoma brachyurum in the present study was slightly shorter than that reported by VIJVERBERG (1980) . As for B. longirostris, the egg development time in the present data was close that in the literature (KERFOOT, 1975; ALLAN, 1977; VIJVERBERG, 1980. However, KWIx and CARTER (1975) reported a longer egg development time for this species. The egg development time of B. f atalis was shown only in LEWIS' report (1979) . He put the development time from the field data at 25°C, which was similar to the result at the same temperature in the present findings.
The growth rates of Daphnia longispina did not differ between 15°C and 25°C. Those of M. micrura and Diaphanosoma brachyurum were the same between 20°C and 30°C, respectively, but the age at first parturition became younger with a rise in the temperature. This resulted not only from shortening the duration of egg development but also from reducing the mature size at higher temperature. The growth rates of Daphnia longispina were temperaturedependent between 10°C and 15°C, and those of M. micrura and Diaphanosoma brachyurum were also suppressed by lowering the temperature to between 15°C and 20°C. Still, except for Daphnia longispina at 10°C, their mature sizes did not change at these lower temperatures. This result indicates that the older age at first parturition at lower temperature was affected by the lower growth rate and the longer duration of egg development but not by any change in the mature size.
From the growth curve at 15°C, the cladoceran species can be classified into two groups. The one includes M, micrura and Diaphanosoma brachyurum, which showed an apparently lower growth rate at 15°C than at higher temperature (20-30°C). These species reproduced at 30°C and could be regarded as the species adapting to higher temperatures. This finding agrees with the fact that these two species become predominant in Lake Kasumigaura in summer. Another group includes Daphnia longispina, B. longirostris and B. f atalis, which showed the same growth curve at 15°C as at higher temperatures (20-25 ° C). These species seemed to adapt to lower temperatures. B. ion girostris, which showed the shortest egg development time and earliest age at first parturition among the five species at 15°C, has an advantage in the competition with other species at lower temperatures. BHAJAN and HYNES (1972) also showed experimentally that B. longirostris populations fared better at lower temperatures. However, the adaptation of B, f atalis to lower temperature did not agree with the field observations as to its abundance in Lake Kasumigaura in summer, when the water temperature reaches 30°C (HANAZATO and YASUNO, 1985) .
The seasonal succession from B. ion girostris to B. f atalis in early summer and from B, f atalis to B, longirostris in the fall in Lake Kasumigaura as reported in our previous study (HANAZATO et al., 1984) could not be explained by the difference in the optimal temperature between the two species, because the growth, egg development time and age at first parturition of these species at various temperatures were almost the same. This fact suggests that succession is associated with other factors such as the change in the algal species as food (HANAZATO et al., 1984) .
Daphnia longispina is found in the hypolimnion in Lake Yunoko where the water temperature was 12°C. Since it was shown in the present study that the egg development and the first parturition of this species at 12°C took more than twice as long as at 20°C. The hypolimnion of this lake in summer is not necessarily favourable to the population of this species. Such a discrepancy may suggest the presence of some factors other than temperature governing the vertical distribution. Further studies are needed to clarify these factors in the future.
